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Overview	

• Motivation

• Z→ µµ selection

• W→µν selection

• Efficiencies

• Cross-sections

• Summary
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LHCb	
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• LHCb is a flavour physics detector, designed to detect decays of b- and c-hadrons 
for the study of CP violation and rare decays.

• Precision experiment with excellent spatial resolution and particle ID making it ideal 
for tests of the Standard Model

• Pseudorapidity range 

• LHCb 1.9<η<4.9

• ATLAS/CMS |η|<2.5

• Muon momentum reconstruction p>3GeV/c

• Luminosity 2010 - 37.7pb-1 on tape; 16.5±1.7pb-1 used in this analysis



Karol Hennessy  |  University of Liverpool  |  DIS 2011

Vertex
Locator

Trackers & 
Magnet Calorimeters

RICH 
detectors

Muon 
detectors

RICH detectors
LHCb

Interaction Point

Momentum
Energy

Particle ID

4

300mrad

10mrad

20m

5m



Karol Hennessy  |  University of Liverpool  |  DIS 2011

PDFs

• Dominant uncertainty from PDFs

PDFs
Non - perturbative

Calculable at NNLO
perturbative

σAB→X =

�
dxadxbfa/A

�
xa, Q

2
�
fb/B

�
xb, Q

2
�
σ̂ab→X

5

σ̂

fa/A

fb/B

a

b

X

A

B



Karol Hennessy  |  University of Liverpool  |  DIS 2011

LHCb Measurement

• Region of high Q2 and low-x unexplored

• Measurable at LHCb with W/Z
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Ratios

• Many systematics cancel in Ratios

AW =
dσ(W+)− dσ(W−)

dσ(W+) + dσ(W−)

R± =
dσ(W+)

dσ(W−)

RWZ =
dσ(W±)

dσ(Z)

• tests valence u and d difference

• tests SM predictions

• tests ratio d/u

LHCb
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Z→ µ+µ-

W and Z production at

�
(s) = 7 TeV with the LHCb experiment Ref: LHCb-PUB-2011-009

Public Note Issue: 1

4 Efficiencies Date: March 1, 2011
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Figure 1 Invariant mass of selected Z candidates. The data points are fitted to a Gaussian on a
polynomial background.

tau decays leptonically to a muon and neutrinos; (iv) b and c events containing a semileptonic decays

with a muon in the final state; (v) generic QCD events where pions or kaons either decay in flight or

punch through to give muons.

The signal yield is estimated by fitting the lepton pT spectrum to the shapes expected for signal (from

simulation) and each background class. The shapes for backgrounds (i) to (iii) are estimated using

simulation, which is normalised and fixed to the rate observed in data. The shapes for backgrounds

(iv) and (v) are found directly from data by anti-cutting on selection variables to enrich these sources,

and their normalisation allowed to float in the fit.

The W selected data and the result of the fit is shown in Figure 2. The fit estimates that 34 ± 1% of

the sample comes from W+, 26 ± 1% comes from W− and 31 ± 1% is due to the QCD background.

Repeating the fit with different template shapes to describe the QCD background changes the fractions

by up to 2% which is taken as a systematic uncertainty on the determination.

4 Efficiencies

The trigger, track finding and muon identification efficiencies also enter the cross-section calculation.

Our estimates for these quantities are given in the following subsections.

4.1 Trigger Efficiency

The trigger efficiency is determined from data using Z candidates obtained using the selection de-

scribed above. One muon is required to fire the single muon trigger. The other muon is examined to

see how often this also fires the single muon trigger. We determine the trigger efficiency as a function

of muon charge, pT , η and φ. No evidence for any dependence on these variables is found. We find

�W
trig = 0.73±0.01 and �Z

trig = 0.86±0.01, once global event criteria (additional multiplicity cuts which

are applied to the trigger), have also been taken into account.

4.2 Track finding efficiency

The track finding efficiency is determined from data using Z candidates, using a tag and probe

method. The tag muon is defined as that which fired the single muon trigger, and which passes the

page 4

16.5pb-1

Trigger: Single µ pT>10GeV/c

Reconstruction: 2 µ pT>20GeV/c

Selection: Pseudorapidity of each muon 2.0< η <4.5

Mass 81<Mµµ<101GeV/c2

NZ 833

Backgrounds: Z → ττ (data+MC)  (0.2)

Kπ mis-id (data) (<0.03)

Heavy Flavour QCD 
background (data) 1

Nbkg 1.2±1.2
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W±→ µ±ν
Trigger: Single µ pT>10GeV/c

Reconstruction: 1µ pT>20GeV/c

Selection: Pseudorapidity 2.0< η <4.5

IP Signficance IPsig < 2

Cone PT (R=√Δη2+Δφ2=0.5) ΣPT<2 GeV/c

Rest of event ΣM<20GeV/c2

ΣPT<10GeV/c

Backgrounds: Z → μμ (MC renormalised by data)

Z → ττ (data+MC)

W→ τν (MC) 

Heavy Flavour QCD background (data)

W candidate event

φ-z view
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W± Selection

• Estimate W signal using Z→ µµ 
with one muon masked.

• MC Z→ µµ and W→ µν 
similar distributions

• Data Z distributions look 
similar to MC Z 

• Therefore we can model W 
with Z data

• Reverse cuts on one variable to 
make background enriched 
samples and create templates to 
fit data.

• Determine efficiency and purity 
from fits.

IP significance Mass in rest 
of event

PT in rest
 of event

PT of tracks in 
cone around muon

GeV/c2

GeV/c GeV/c

- Z→ µµ (MC)
- W→ µν (MC)
- Z → µµ (data)
- QCD Background
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• From template fits

• Total number of events in selection

• # W+	 7624

• # W-	 5732

• QCD background from fits

W± Selection

µ- µ+

- Signal W (data)
- Signal W (MC)
- Z→µµ (MC)
- W→τν
- QCD Background

W+  W-

QCD 2194±150 1654±150

NW 4817±165 3480±161

LHCb Preliminary
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Efficiencies

• Determine efficiencies from data

• LHCb Acceptance - Acceptance 1 by definition - cross-section measured in the 
forward region with both muons in pseudorapidity 2.0<η<4.5

• Trigger efficiency

• Track finding efficiency

• Muon identification efficiency

• Selection Efficiency

εZ = AZ × εtrigZ × εtrackZ × εmuon
Z × εselZ

1 2 3 4 5

1

2

3

4

5

12



Karol Hennessy  |  University of Liverpool  |  DIS 2011

Trigger efficiency

• Using Single Muon Trigger -
PT>10GeV/c

• Flat in η, φ, PT 

• No charge bias

• Efficiencies include global event 
cuts
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Tracking efficiency

• Use clean sample of Z events with 
one muon as tag and other as 
probe

• Flat in φ, PT

• Dependence on η - split into two 
regions:

εZ = AZ × εtrigZ × εtrackZ × εmuon
Z × εselZ

εw+ 73±3%
εw- 78±3%
εz 83±3%
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Muon ID efficiency

• Tag and probe method

• Use triggered Z sample with no PID 
information

• Flat in η, φ, PT , charge
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εZ = AZ × εtrigZ × εtrackZ × εmuon
Z × εselZ

εw 98.2±0.5%

εz 96.5±0.7%
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Selection efficiency

• Z selection criteria define the measurement region - εz =1

• W determined from Z data with one muon removed.

εZ = AZ × εtrigZ × εtrackZ × εmuon
Z × εselZ

εw 55.0±1.0%

εz 100.0%
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Z Cross-section

81<Mμμ<101 GeV/c2

	

	

	

	

	

	

σZ→µµ =
N tot

Z −N bkg
Z

εZ ·
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Ldt
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Ntot 833

Nbkg 1.2±1.2

A 1.0

εtrig 0.86±0.01

εtrack 0.83±0.03

εmuon 0.97±0.01

εsel 1.0

εZ 0.69±0.03

∫Ldt 16.5±1.7pb-1 σΖ⋅B(Z→µ+µ- ; 2<ημ<4.5)= 73±4±7pb
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W+ W-

Ntot 7624 5723

W→τν 151 90

Z→ττ 2 2

Z→μμ 460 506

QCD 2194±150 1654±150

NW 4817±165 3480±161

A 1.01.0

εtrig 0.73±0.030.73±0.03

εtrack 0.73±0.03 0.78±0.03

εmuon 0.982±0.0050.982±0.005

εsel 0.55±0.010.55±0.01

εW 0.29±0.01 0.31±0.01

∫Ldt 16.5±1.7pb-116.5±1.7pb-1

W± Cross-section σW→µν =
N tot

W −N bkg
W

εW ·
�
LdtW and Z production at

�
(s) = 7 TeV with the LHCb experiment Ref: LHCb-PUB-2011-009

Public Note Issue: 1

7 References Date: March 1, 2011
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Figure 4 W charge asymmetry in bins of lepton pseudo-rapidity compared to the MCFM prediction.

The shaded area is the uncertainty arising from the MSTW08NLO PDF set.

The comparison is shown graphically in Figure 3 and with increased statistics will constitute a very

sensitive test of the Standard Model.

Figure 4 shows our measurement of the W charge asymmetry
σW+−σW−
σW++σW−

in bins of lepton pseudo-

rapidity compared to theory predictions. Unlike in the central region, where for ATLAS and CMS this

distribution is almost flat, in the forward region the asymmetry changes sign, showing the differing

helicities of the couplings of the leptons. The experimental uncertainties have been found assuming

the background uncertainty is correlated, but the uncertainty on the positive and negative efficiencies

is anticorrelated. The main theory uncertainty comes from the difference in the u and d valence quark

parton density functions.

6 Conclusions

The cross-sections and ratios of W and Z bosons have been measured using 16.5pb−1 of data. The

luminosity uncertainty at 10% dominates the cross-section measurements which are consistent with

NLO predicted values. The ratio of W to Z boson cross-sections is also consistent with the prediction

and tests the Standard Model to 6.5%.
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σW+⋅B(W+→µ+ν; 2<ημ<4.5)=1007±48±100pb

σW-⋅B(W-→µ-ν; 2<ημ<4.5)=682±40±68pb    

AW (µ)
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W+/- asymmetry for muons



Karol Hennessy  |  University of Liverpool  |  DIS 2011

Comparison with current predictions

• LHCb data consistent with NLO theory
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1. Introduction

2. Cross-sections
3. Other work

4. Conclusions

NZ, Nbkg

NW, Nbkg
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Summary

• Cross-sections for W and Z at 7TeV for muons with 2<η<4.5

• Probing proton PDFs in a new region of (x,Q2)

• Results consistent with current predictions at NLO

• Expect to increase statistics dramatically in 2011 to 1-5fb-1 Z0 candidate

20
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Figure 4 W charge asymmetry in bins of lepton pseudo-rapidity compared to the MCFM prediction.

The shaded area is the uncertainty arising from the MSTW08NLO PDF set.

The comparison is shown graphically in Figure 3 and with increased statistics will constitute a very

sensitive test of the Standard Model.

Figure 4 shows our measurement of the W charge asymmetry
σW+−σW−
σW++σW−

in bins of lepton pseudo-

rapidity compared to theory predictions. Unlike in the central region, where for ATLAS and CMS this

distribution is almost flat, in the forward region the asymmetry changes sign, showing the differing

helicities of the couplings of the leptons. The experimental uncertainties have been found assuming

the background uncertainty is correlated, but the uncertainty on the positive and negative efficiencies

is anticorrelated. The main theory uncertainty comes from the difference in the u and d valence quark

parton density functions.

6 Conclusions

The cross-sections and ratios of W and Z bosons have been measured using 16.5pb−1 of data. The

luminosity uncertainty at 10% dominates the cross-section measurements which are consistent with

NLO predicted values. The ratio of W to Z boson cross-sections is also consistent with the prediction

and tests the Standard Model to 6.5%.
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W & Z lepton pseudorapidity

8% of Z within

LHCb acceptance

17% (16%) of W+

(W-) within LHCb

acceptance

1. Introduction
2. Cross-sections

3. Other work

4. Conclusions

Overview

W, Z production
Measurement definitions
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Systematic errors (%):

Largest source is luminosity uncertainty

Background: uncertainty large for W (shape variation in fit)

Efficiencies: statistical error on data-driven method

1. Introduction

2. Cross-sections
3. Other work

4. Conclusions

NZ, Nbkg

NW, Nbkg

Efficiencies

Results
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PDF sensitivity
LHCb features

Analysis
Results

MSTW08
Electroweak

√
s = 7TeV

ratio = δafter
δbefore

F. De Lorenzi DIS10 - Florence 21
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LHCb features
Analysis
Results

MSTW08
Electroweak

√
s = 7TeV

ratio = δafter
δbefore

F. De Lorenzi DIS10 - Florence 21

- Z
- W+

- W-

- W+,W-, & Z

MSTW08 0.1fb-1, 7TeV

MSTW08 1.0fb-1, 7TeV

Ratio = PDF uncertainty with LHCb data/
 PDF uncertainty without LHCb data

Small data set - improvement ~10%

Large data set - improvement ~30%
Further improvements at 14TeV
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A Measurement of the Tracking Efficiency for High-pT Tracks in Reco06-Stripping10 Collision Data Ref: LHCb-INT-2010-058

Internal Note Issue: 1

3 Selection and association Date: December 3, 2010

tag track

probe track

Figure 1 Schematic view of the LHCb detector with the tag-track and the probe-
track, coming from a resonance decaying inside the VELO.

2.1 General Procedure

In the following the procedure to measure the tracking efficiency is described:

• Reconstruct a long track with pT > 20 GeV, require that is has been positively identified by the
muon system, and that it has triggered the event (i.e. the track is TOS2).

• Run a pattern recognition which reconstructs a standalone track in the muon system. Calculate
the momentum of this standalone track by requiring it to have come from the primary vertex.
Extrapolate the track through the TT detector and add hits which lie in a certain window around
the track (at least 2 hits in the TT need to be found). Add these hits to the track and refit it. This
track is subsequently called muonTT track.

• Require the muonTT track to have pT > 5 GeV.

• Perform a vertex fit of the long track and the muonTT track.

• This can be done twice, as once the positively charged muon can be taken as ”tag”, once the
negatively charged.

• Compare the LHCbIDs of the muonTT track with the ones of all the long tracks in the event with
the same charge as the muonTT track. Apply a criterium for the number of LHCbIDs which have
to match to call the track associated.

3 Selection and association

3.1 Selection cuts

In order to select a clean sample of Zs, some selection cuts were applied. These were:

• Z-Vertex χ2 < 5.

• PID-µ > 4 for long track.

• Track-χ2/NDoF < 5 for long track.

• pT of muonTT track > 20 GeV

• 2 < ηmuonTT < 4.5

• |mreconstructed −mZ | < 25 GeV.

2TOS stands for ”Triggered On Signal”

page 3

Tracking efficiency

Michel De Cian

LHCb-INT-2010-058
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Muon ID efficiency
Introduction

Tag + Probe

µ ID efficiency is defined as the fraction of real muons which are
reconstructed as long tracks that are subsequently matched to muon
tracks and pass ’isMuon’

�µ =
true muon long tracks w/ isMuon==1

true muon long tracks
(1)

µ ID efficiency at the Z peak must be well understood as we proceed
towards a σ·Br( Z − > µµ) measurement.

The classic ”Tag Probe method” is a suitable data-driven method to
measure this efficiency.

With ≈ 83 Z − > µµ events in 1Pb−1 we are still statistically limited
but enough Zs to test and tune the method.
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James Keaveney

Internal note in prep.
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Muon ID efficiency
Method

Tag+Probe methodology

Tag -
Take all candidates from the stripping line Z02MuMuNoPIDs in
≈ 1Pb−1

Apply track pre-selections (P(χ2), σP/P)
Apply tight µ ID to one of the muons, (isMuon==1, PIDmu> −3)
require surviving candidates to have 75GeV < Mµµ < 107GeV . (Close
to Z peak)

Probe -
The fraction of these candidates in which the unbiased muon passes
isMuon==1 estimates the single muon efficiency.
From this we deduce the dimuon ID efficiency �µµ = (�µ)2

J. Keaveney (UCD) �µID with Z − > µµ Sept 24, 2010 3 / 7
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Trigger efficiency

Physics Institute

Method

ε+ = n+∧−/n− (1)

ε− = n+∧−/n+ (2)

ε−∨+ = ε+ + ε− − ε+ε− (3)

εat least one muon TOS = ε + ε− εε = 2ε + ε2 (4)

εboth muons TOS = ε2 (5)

nboth muons TOS

nat least one muon TOS

=
ε2

2ε + ε2 =: γ (6)

ε =
2γ

γ + 1
(7)
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Albert Burshe
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16

MSTW 2008

• supersedes MRST sets

• new data (see next slide)

• new theory/infrastructure

− δfi from new dynamic tolerance method: 68%cl  (1σ) and 90%cl 
(cf. MRST) sets available

− new definition of αS (no more ΛQCD)
− new GM-VFNS for c, b (see Martin et al., arXiv:0706.0459)
− new fitting codes: FEWZ, VRAP, fastNLO
− new grids: denser, broader coverage
− slightly extended parametrisation at Q0

2 :34-4=30 free parameters 
including αS

code, text and figures available at: 
http://projects.hepforge.org/mstwpdf/
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